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ARTICLE INFO ABSTRACT

Edited by Dr. M.D. Coleman Evidence in humans suggests a correlation between nicotine smoking and severe respiratory symptoms with

COVID-19 infection. In lung tissue, angiotensin-converting enzyme 2 (ACE2) appears to mechanistically underlie

Keywords: viral entry. Here, we investigated whether e-cigarette vapor inhalation alters ACE2 and nicotinic acetylcholine
Nigotine receptor (nAChR) expression in male and female mice. In male lung, nicotine vapor inhalation induced a sig-
i‘ccéare“e nificant increase in ACE2 mRNA and protein, but surprisingly, these differences were not found in females.
COVID-19 Further, both vehicle and nicotine vapor inhalation downregulated o5 nAChR subunits in both sexes, while

Individual differences differences were not found in a7 nAChR subunit expression. Finally, blood ACE2 levels did not differ with
Lung exposure, indicating that blood sampling is not a sufficient indicator of lung ACE2 changes. Together, these data
indicate a direct link between e-cigarette vaping and increased ACE2 expression in male lung tissue, which
thereby reveals an underlying mechanism of increased vulnerability to coronavirus infection in individuals

vaping nicotine.

1. Introduction

Worldwide, over one billion people smoke nicotine cigarettes,
resulting in greater than eight million deaths per year (Gowing et al.,
2015; WHO, 2008, 2020c). These devastating statistics have been
recently paralleled by the increasing mortality rate due to the COVID-19
pandemic, which has been induced by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (WHO, 2020a, b). With these
infections, symptoms range from asymptomatic or mild (e.g., fever and
cough) to severe (e.g., pneumonia and death) (Guan et al., 2020). Given
that cigarettes and other chemical constituents in vape solutions may
induce inflammation and damage lung tissue (Lerner et al., 2015; Wang
etal., 2019; Wu et al., 2014) and pulmonary tissue appears to function as
a short-term depot for nicotine binding (Brewer et al., 2004), individuals
consuming e-cigarette products may be at a higher risk for SARS-CoV-2
viral infection and related pathology. Indeed, recent reports indicate
higher rates of infection in teens and young adults using e-cigarettes
(Gaiha et al., 2020), and a link between e-cigarette use and increased
risk of death with COVID-19 infection has been documented in adults
(Kashyap et al., 2020).

E-cigarettes, which allow users to inhale vaporized liquid nicotine

rather than the smoke from burning tobacco, have increased in popu-
larity in the US and Europe, with an estimated 2.5 million users in the US
alone (Editorial, 2014; Syamlal et al., 2016). The spread of the e-ciga-
rette market has been rapid, despite many unanswered questions about
their safety, efficacy in reducing dependence, and overall impact on
public health. At present, a wide range of people across demographics
consume e-cigarettes, including individuals who were not previously
tobacco smokers (Adkison et al., 2013; Grana et al., 2014), and these
numbers have dramatically risen in more recent years, especially among
youth (Evans-Polce et al., 2020). Previous studies have shown that lung
inflammation and suppression of the immune response are found
following exposure to a variety of chemicals in e-cigarette vapor,
including nicotine (Lerner et al., 2015; Wang et al., 2019; Wu et al.,
2014). Interestingly, sex-specific effects have also been documented in
both lung disease and nicotine’s actions. For instance, in pulmonary
fibrosis rat models, higher mortality and fibrosis has been observed in
females, and ovariectomy is protective, whereas estrogen exacerbates,
the disease pathology (Gharaee-Kermani et al., 2005; Redente et al.,
2011; Sathish et al., 2015). Further, following acute e-cigarette vapor
exposure, increased pro-inflammatory cytokine release occurs in male,
but not female, mice (Wang et al., 2019). Sex-specific effects have also
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been documented with lung disease in humans for chronic obstructive
pulmonary disease (COPD), interstitial pulmonary fibrosis and asthma
(Sathish et al., 2015; Wang et al., 2019). Thus, individual differences in
disease onset and progression may not only be due to the varying pat-
terns of drug use across time but may also be attributed to innate bio-
logical differences within each sex.

Following vapor inhalation, chemicals quickly become in contact
with lung tissue, leading to high levels of drug absorption given the
complex vasculature network within the organ. It is thereby not sur-
prising that cigarette smoking is linked to lung cancer and cardiovas-
cular and pulmonary disease across many diverse populations
worldwide (GBD Collaborators, 2017). Through its actions on the
nicotinic acetylcholine receptors (nAChRs), nicotine exposure induces
multiple effects on pulmonary mechanisms, including the
renin-angiotensin system (RAS). Angiotensin-converting enzyme 2
(ACE2) is localized in the cellular membrane, with an enzymatically
active domain on the external membrane surface, and systemwide,
ACE2 is found in lungs, arteries, heart, kidney and intestines (Hamming
et al., 2004). Cleavage of the extracellular active domain results in a
soluble protein that can be measured in the blood (Patel et al., 2014).
ACE2 has been well-described for its involvement in the conversion of
Angiotensin II to Angiotensin-(1-7) (Cohen et al., 2020), and more
recently, has been functionally described as mediating virus entry and
cell fusion for coronaviruses (Zhou et al., 2020). While ACE2 expression
in lung tissue appears to be upregulated in cigarette smokers, including
those with COPD (Brake et al., 2020; Cai et al., 2020; Leung et al., 2020),
it is unknown as to whether this correlation is due to smoke exposure or
other pre-existing environmental or biological factors. Moreover, these
effects could also be due to the numerous toxins, carcinogens, and other
constituents found in tobacco cigarette smoke, chemicals which are not
present in e-cigarette vapor solutions. Thus, while these findings suggest
that smokers have an increased risk of COVID-19 infection and related
complications based on increased ACE2 expression, it is unclear as to
whether this represents a causal relationship between nicotine vapor
with ACE2, as well as which factors in nicotine products mitigate these
effects.

In these studies, we examined the effects of five days of e-cigarette
vapor inhalation, either with or without nicotine, on lung tissue in male
and female mice. We show that nicotine vapor inhalation induces a
significant increase in both ACE2 mRNA expression and ACE2 cell
density in the lungs of male mice, effects which were not present in
female lung tissue. We next examined for differences in the expression of
nicotinic acetylcholine receptor (nAChR) subunits, the direct site of
action for nicotine in lungs. Our studies focused on the nAChR subunits
that have been implicated in lung cancer and immune function, namely
the a5 and a7 nAChR subunits. Surprisingly, for the a5 nAChR subunit,
both vehicle and nicotine vapor inhalation resulted in a significant
downregulation in both males and females. However, no differences
were found between groups for the a7 nAChR subunit. Finally, blood
plasma was examined, but differences were not found in ACE2 enzyme
protein expression, thereby revealing that blood sampling for ACE2 does
not correlate with changes in lung expression.

2. Materials and methods
2.1. Study design

The goal of these studies was to examine the effects of e-cigarette
vapor inhalation, either with or without nicotine, on protein expression
in lung tissue of male and female mice. Mice were exposed to vaporized
nicotine (7.5 mg/mL, free base) or vehicle during one hr daily sessions
across five consecutive days in a sealed chamber
(28.58 cm x 17.78 cm x 15.24 cm) with regulated airflow (1 L/min)
(LJARI Vapor Chambers). For each session, animals were exposed to one
puff every five min for a total of 12 puffs per hr session; each puff
administration allowed for ~40 s of vapor exposure, as previously
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described (Lallai et al., 2021). The vapor chamber configuration is
illustrated in Fig. la. A separate control group of mice were handled
each day for five consecutive days. Animals were assigned randomly to
each treatment group. Investigators were blinded for all experiments,
until statistical analysis of the final data sets.

2.2. Animals

Adult male and female C57BL/6 J wildtype mice (Jackson Labs) were
housed 2-3 per cage and maintained in an environmentally controlled
vivarium on a 12h:12 h reversed light: dark cycle. Food and water were
provided ad libitum. All procedures were conducted in strict accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee of The University of California, Irvine.

2.3. Drugs

(-)-Nicotine hydrogen tartrate salt (MP Biomedicals) was dissolved in
vehicle (50:50 propylene glycol and vegetable glycerin) for a dose of
7.5 mg/mL (free base, pH 7.4). Ketamine (KetaVed, Patterson Veteri-
nary) and xylazine (AnaSed, Patterson Veterinary) were diluted in
sterile saline and simultaneously injected intraperitoneally at a dose of
100 and 10 mg/kg, respectively, for mouse perfusions.

2.4. Blood collection and lung extractions

Two hours after the last vapor exposure session, mice were placed
under 4% isoflurane anesthesia, and blood was collected from the facial
vein. Blood was centrifuged for 10 min at 500 x g, and plasma was
collected and then centrifuged again at 2000 x g for 10 min to remove
any trace of residual cells. Mice were sacrificed, and lung tissue was
removed, flash frozen, and stored at -80°C. Each sample was analyzed
for multiple RT-qPCR assays based on the amount of RNA obtained from
each subject. For immunohistochemistry, a second cohort of mice was
anesthetized with ketamine/xylazine and perfused through the
ascending aorta with 0.9 % saline, followed by 4 % paraformaldehyde in
the phosphate buffer solution (PBS; pH 7.4). Lungs were harvested,
postfixed for 24 h in 4 % paraformaldehyde, and then cryoprotected in
30 % sucrose in PBS. After at least 72 h, lungs were cut into 20 pm
coronal sections on a cryostat, frost mounted on slides, and stored at
-80°C until processing for immunofluorescence.

2.5. RNA extraction and cDNA synthesis

RNA was extracted from homogenized tissue with Trizol reagent
(Ambion Life Techniologies) via the manufacturer’s protocol. The
quality of the RNA was determined by a NanoDrop 2000 spectropho-
tometer (ThermoScientific). For each sample, 100 ng of total RNA was
reverse transcribed into cDNA with the iScript cDNA synthesis kit (Cat #
1708891; Bio-Rad Laboratories).

2.6. RT-gPCR mRNA quantification

Real-time quantitative polymerase chain reaction was performed on
for angiotensin-converting enzyme 2 (ACE2), a5 and o7 nicotinic
acetylcholine receptor (nAChR) subunits, and the housekeeping gene,
B-actin (Actb). TagMan Universal Master Mix II with real time PCR gene
expression assays for Ace2 (Mm01159003_m1, Cat# 4331182 Ther-
moFisher), Chrna5 (Mm00616329_m1, ThermoFisher, Cat# 4331182),
Chrna7 (MmO01312227 m1, ThermoFisher, Cat# 4351372), and Actb
(Mm02619580_g1, ThermoFisher, Cat# 4331182) were utilized ac-
cording to manufacture parameters (Applied Biosystems). Samples were
tested in duplicate and quantified with a CFX96 RT-qPCR system (Bio-
rad). Normalized gene expression (22YY was calculated with the equa-
tion 2" (P-actin Ct - target mRNA €O g1 n AChR subunit a5 genes, normalized
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values were multiplied by 10,000 to represent data as whole numbers,
and for the nAChR subunit a7 genes, normalized values were multiplied
by 1,000. After samples were processed, group assignment was revealed
to permit comparisons of the data.

2.7. Blood analysis

The concentration of cotinine was determined with the Mouse/Rat
Cotinine ELISA kit (Cat# 100902; OriGene Technologies). ACE2 protein
concentration in blood plasma was determined by using the Mouse
ACE2 ELISA Kit (Cat# ab213843; Abcam). Both assays were performed
according to the manufacturer’s instructions. For the quantification of
ACE2 in blood, pg/ml values were multiplied by 0.001 to represent data
as ng/ml.

2.8. Immunofluorescence staining

Fixed sections of lungs were washed in PBS (0.1 M, pH 7.4) con-
taining 0.5 % Triton X-100 and then pre-treated using heat-mediated
antigen retrieval with sodium citrate buffer (50 mM; pH 6) at 96 °C.
Non-specific staining was blocked with 10 % normal donkey serum in
PBS (0.1 M) for 60 min. Sections were next incubated overnight at 4 °C
in primary antibody (goat anti-mACE2, 1:100; Cat # AF3437; R&D
Systems) in blocking solution. Thereafter, sections were washed 0.1 M
PBS containing 0.5 % Triton X-100 and then incubated with Alexa Fluor
594 donkey anti-goat (1:200; Cat # 705—585-147; Jackson Laboratory)
secondary antibody at room temperature for 120 min. The slides were
next rinsed in PBS (0.1 M) and coverslipped with Vectashield mounting
medium with DAPI (Vector Laboratories). The analysis of the ACE2
positive cells was performed using a fluorescent microscope and
MicroBrightField Stereo Investigator software (MBF Bioscience). For
each subject, an entire lung section was traced using 10x magnification
to obtain mm? values, and cell counting was performed under 40x
magnification. Results are presented as density of cells/mm?.

2.9. Statistical analyses

Data were analyzed by a t-test or one-way analysis of variance
(ANOVA), followed by Bonferroni post-hoc test with correction for
multiple comparisons (GraphPad Prism), as appropriate. The criterion
for significance was set at p < 0.05.

Male
259Blood Cotinine
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Fig. 1. Vaporized nicotine inhalation signifi-
cantly increases blood cotinine levels in male

% and female mice. (a) Schematic diagram illus-
E trates the vapor exposure system. Diagram de-
-..% notes the following components of the
'E apparatus: A, computer; B, panel vapor and
g voltage control; C, controller; D, syringe pump
© o for liquid food delivery; E, cartridge; F, air flow
Vehicle Nicotine regulator; G, plexiglass sealed box; H, left lever;
Vapor Vapor . . . .
I, left cue light; J, right lever; K, right cue light;
Female L, food dispenser; M, air in; N, air out; O, vac-
—~ 257Blood Cotinine uum pump. (b-c) Exposure to nicotine vapor
?En (7.5 mg/mL) across a 1-hr session induced a
% substantial increase in blood cotinine, the main
% metabolite of nicotine, in both male (b) and
g female (c) mice. Blood samples were collected
g 2 h after the first vapor puff administration.
o

Individual data points are represented on each

V:hicle Ni\?Oti"e graph, and graph bars express as the
apor apor mean =+ SEM ***p < 0.001.
3. Results

3.1. E-cigarette vapor inhalation results in high cotinine blood levels

Mice were exposed to passive nicotine or vehicle vapor in sealed
chambers (Fig. 1a). To assess and validate the level of nicotine exposure
induced with e-cigarette vapor inhalation, blood samples were analyzed
from male and female mice two hours after the first vapor puff exposure.
Nicotine’s main metabolite, cotinine, was assayed in blood plasma for
comparison between the vapor groups. Nicotine vapor exposure induced
a significant increase in cotinine levels in both males (Fig. 1b) (unpaired
t-test, te) = 8.079, p < 0.0001) and females (Fig. 1¢) (unpaired t-test,
to) = 5.228, p = 0.0005). Of note, this level of blood cotinine is in the
range of that found in previous studies with rodents and humans (Chen
et al., 2020b; Lefever et al., 2017; Matta et al., 2007; Velez de Mendi-
zabal et al., 2015), which supports the translational relevance of the
protocol. Therefore, these findings thereby validate the presence of
systemic nicotine exposure via vapor inhalation for this model system.

3.2. Nicotine vapor inhalation increases ACE2 mRNA expression and cell
density in male lung tissue

Following five consecutive treatment days, lung tissue was extracted
one hour following the end of the vapor session. Lung tissue was
examined for mRNA expression of ACE2 with RT-qPCR. In male mice, a
significant increase in ACE2 mRNA was found (One-way ANOVA, F(3 29)
= 9.880, p = 0.0005, R? = 0.4053; post-hoc, Control vs. Nicotine
p = 0.0012, Vehicle vs. Nicotine p = 0.0032) (Fig. 2a). In contrast, fe-
males exposed to nicotine vapor did not exhibit a significant difference
in ACE2 mRNA compared to the control groups (Fig. 2b) (One-way
ANOVA, F(320) = 0.847, p = 0.4434, R? = 0.0781). A second cohort of
mice were treated as above for five consecutive days but were then
perfused one hour after the end of the vapor session. Immunohisto-
chemical analysis of ACE2 protein expression was performed in lung
parenchyma, which is characterized by a large number of thin-walled
alveoli (Suki et al., 2011). Nicotine vapor inhalation in males induced
a statistically significant increase in the density of ACE2 positive cells
(Fig. 2¢) (One-way ANOVA, F(z 25 = 15.69, p < 0.0001, R? = 0.5565;
post-hoc, Control vs. Nicotine p 0.0007, Vehicle vs. Nicotine
p = 0.0001), which was consistent with the mRNA findings reported in
Fig. 2a. In contrast, females exposed to nicotine vapor did not exhibit a
difference in the density of ACE2-positive cells, as compared to control
and vehicle vapor inhalation (Fig. 2d) (One-way ANOVA, F(y1g) =
1.733, p = 0.2050, R?=0.1615). The quantitative results are evidenced
in representative images of the tissue across groups. Low levels of ACE2
immunoreactive cells were observed in males and females of the control
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(Fig. 2e, f) and vehicle vapor inhalation (Fig. 2g, h) groups. In contrast, a
higher level of ACE2 immunoreactivity was evidenced with nicotine
vapor inhalation in males (Fig. 2i), but not females (Fig. 21). Together,
these results reveal that nicotine vapor inhalation induces an increase in
the density of ACE2-positive cells in the male lung.

-

Fig. 2. Nicotine vapor inhalation increases
ACE2 mRNA and protein expression in male,
but not female, lung. (a-b) After five consecu-
tive days of vapor exposure, lung tissue was
analyzed for the expression of ACE2 mRNA. (a)
Increased ACE2 mRNA expression was found in
lung tissue of male mice exposed to nicotine
vapor, as compared to control (no vapor expo-
sure) and vehicle vapor exposure. (b) In fe-
males, no significant differences were found in
ACE2 mRNA expression among exposure con-
ditions. (c-d) Lung tissue was also examined for
ACE2 protein expression. (c) Quantification of
the number of ACE2-positive cells in lung tissue
revealed that nicotine vapor significantly
increased ACE2 protein expression in male
mice, as compared to the control and vehicle
vapor groups. (d) The number of ACE2-positive
cells did not differ among groups in female lung
tissue. Individual data points are represented on
each graph, and graph bars express as the
mean + SEM. *#p < 0.01 vs vehicle vapor,
###1 < 0.001 vs vehicle, **p < 0.01 vs control,
***p < 0.001 vs control. (e-j) Representative
images of ACE2 immunoreactivity (red) in lung
tissue following exposure. In males, high levels
of ACE2 immunoreactivity can be evidenced in
lungs exposed to nicotine vapor (i), as
compared to control (e) and vehicle vapor (g).
For females, representative images demonstrate
similar levels of lung ACE2 protein expression
for the control (f), vehicle vapor (h) and nico-
tine vapor (j) groups. DAPL: Blue. Scale bar
=50 pm.

3.3. a5 nicotinic receptor subunit expression decreases following e-

cigarette vapor inhalation

In the lungs, nicotine directly acts on the nicotinic acetylcholine
receptors (nAChRs), which are composed of varying a and p subunit
combinations. Lung nAChRs containing the a5 subunits have been
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implicated in lung cancer (Kuryatov et al., 2011; Ma et al., 2014; Sun
and Ma, 2015), whereas those containing the a7 subunit are involved in
immune and inflammatory responses (Fujii et al., 2007; Thomsen and
Mikkelsen, 2012; Zhang et al., 2015). Interestingly, both vehicle and
nicotine vapor inhalation resulted in a downregulation in a5 nAChR
mRNA; this vapor-mediated effect was found in both males (Fig. 3a)
(One-way ANOVA, F(316) = 13.07, p = 0.0004, R?= 0.6203; post-hoc,
Control vs. Vehicle p = 0.0015, Control vs. Nicotine p = 0.0007) and
females (Fig. 3b) (One-way ANOVA, F(, 15y = 6.795, p = 0.0079, R? =
0.4753; post-hoc, Control vs. Vehicle p = 0.0329, Control vs. Nicotine
p = 0.0094). In contrast, no significant differences were found in a7
nAChR subunit expression in the lungs of either males (Fig. 3¢) (One--
way ANOVA, F(216) = 0.5021, p = 0.6145, R? = 0.0591) or females
(Fig. 3d) (One-way ANOVA, F(315) = 1.522, p = 0.2502, R? = 0.1687).

3.4. Undetectable changes in circulating ACE2 expression in blood
following e-cigarette vapor inhalation

Given that the enzymatically active domain of ACE2 can become
cleaved, resulting in soluble ACE2 protein circulating throughout the
blood (Patel et al., 2014), we next examine blood plasma collected from
subjects at the time of sacrifice. We hypothesized that if increased ACE2
expression was found in lung tissue, a detectable change in the blood
could serve as a biomarker of drug exposure and the related changes in
lung ACE2 expression. ACE2 was detected in the blood of all subjects,
but comparisons among the groups did not find any treatment-related
differences in males (Fig. 4a) (One-way ANOVA, F(315 = 0.1710,
p = 0.8445, R? = 0.0223) or females (Fig. 4b) (One-way ANOVA, F( 15)
= 2.646, p = 0.1037, R = 0.2608). Thus, these findings indicate that
blood sample analysis for ACE2 expression is not sufficient to reflect the
localized changes occurring in the lungs following e-cigarette nicotine
inhalation.

4. Discussion

In the current studies, we found a significant increase in ACE2 mRNA
expression and cell density in male lung tissue following nicotine vapor
inhalation. Surprisingly, this difference was sex-specific, as nicotine
vapor inhalation was ineffective in altering ACE2 mRNA or protein
expression in female mice. We also found that both vehicle and nicotine
vapor inhalation resulted in a downregulation of the a5 nAChR subunit
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Fig. 4. ACE2 expression in the blood was not significantly altered by vehicle or
nicotine vapor exposure. (a) Blood plasma collected from male mice across
groups did not differ in the expression of ACE2 protein. (b) Female blood
plasma did not significantly differ in the level of ACE2 protein among groups.
Individual data points are represented on each graph, and graph bars express as
the mean + SEM.

in both sexes, whereas mRNA expression of the a7 nAChR subunit were
unaltered, in lung tissue. Finally, examination of the blood did not reveal
any differences in circulating ACE2 levels following vapor inhalation,
indicating blood levels of circulating ACE2 are not necessarily repre-
sentative of changes in lung expression. Together, these findings provide
direct evidence supporting the hypothesis that nicotine e-cigarette use

Male Female Fig. 3. Nicotine vapor inhalation alters nico-
tinic receptor subunit mRNA expression in
a H 5.09 05 NAChR b H 5.0qa5 nA%hR lungs. Following treatment, expression of the
2 4.0 2 4.0 nicotinic acetylcholine receptor (nAChR) sub-
g g units were examined in lung tissue. (a) Males
5 3.0 X 3.0 T exposed to either vehicle vapor or nicotine
3 2.04 8 3 2.0 * vapor exhibited a significant decrease in
No Q N & i o *x expression of a5 nAChR mRNA compared to the
g 1.04 I *kk *kk g 1.04 0, control condition. (b) In females, vehicle vapor
g 0©® : 0 aﬁ o ’czs o “ﬂ_ or nicotine vapor exposure decreased expres-
0.0 Control Vehicle Nicotine 0.0 Control Vehicle Nicotine sion of a5 nAChR mRNA in lung tissue
Vapor Vapor Vapor Vapor compared to the control condition. (c) In males,
no differences were found in the expression of
C _ 2.5+ 07 nAChR d < 25407 nAChR a7 mRNA among groups. (d) In females, a7
o o mRNA exhibited no differences in expression
ﬁ 2.0+ ° ° § 2.0+ following vapor exposure. Individual data
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= cl> = O group.
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Control Vehicle Nicotine Control Vehicle Nicotine
Vapor Vapor Vapor Vapor
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increases ACE2 expression in male lung tissue, which could thereby
propagate altered susceptibility to viral infection.

A variety of nAChR subunits have been documented within the lungs
in humans (Lam et al, 2007, 2016), non-human primates (Shor-
ey-Kendrick et al., 2015) and rodents (Grau et al., 2007). In the current
studies, we examined expression of a5 and a7 nAChR subunits. In lung
tissue, the a5 nAChR subunit is thought to combine with o4 and 2
subunits to form a functional heteromeric receptor subtype, whereas a7
nAChR subunits combine together by themselves to form a functional
homomeric receptor. Several lines of evidence have implicated the a5
and o7 nAChRs in immune function. For instance, a7 nAChRs regulate B
lymphocyte development and survival (Skok et al., 2006), o7
nAChR-containing CD11b splenic cells enter lungs during infection
(Huang et al., 2019), lung group 2 innate lymphoid cells express a7
nAChRs (Huang et al., 2019), and mice with genetic knockout of the a7
nAChR exhibit exacerbated immune reactivity with protein antigen
administration (Skok et al., 2005). Toxin-induced peripheral inflam-
mation is reduced in mice lacking the a5 nAChR subunit (Bagdas et al.,
2015), and T-cells and mast cells can express a5 nAChR subunits
(Chernyavsky et al., 2009; Kindt et al., 2008). While we did not find any
differences in o7 nAChR mRNA expression, the evidenced down-
regulation in a5 nAChR subunit mRNA could potentially be related to
changes in immune cell signaling following chronic inhalation of the
vehicle solution containing propylene glycol and vegetable glycerin.
Moreover, activation of nAChR signaling has been implicated in lung
cancer development and progression. For instance, agonist-mediated
activation of nAChRs increases the proliferation of bronchial cancer
cells in vitro, an effect that can be reversed by the general nAChR
antagonist mecamylamine (Arredondo et al., 2006). It has further been
suggested that lung cancer is specifically mediated by nAChRs con-
taining the o5 subunit. In humans, allelic variation in the a5 subunit
reduces o4p2a5 nAChR function and is associated with an increased
vulnerability for lung cancer (Kuryatov et al., 2011; Li et al., 2011).
Nicotine activation of a5-containing nAChRs in non-small cell lung
cancer leads to downstream activation of several pathways that promote
cancerous proliferation and metastasis, such as JAK2/STATS3,
HIF-1o/VEGF and Jabl/Csn5, as demonstrated in vitro (Chen et al.,
2020a; Ma et al., 2014; Sun and Ma, 2015; Sun et al., 2017; Zhang et al.,
2017). Further, shRNA-mediated knockdown of the a5 nAChR subunit
appears to inhibit lung tumor growth in vivo (Sun et al., 2017). In the
current studies, we found that both the vehicle vapor, as well as nicotine
vapor, induced a downregulation in «5 nAChR mRNA in both male and
female lung tissue. This unexpected result suggests that chronic nicotine
vape exposure reduces the expression of a5 nAChR signaling in normal
lung tissue, which could serve to limit the ability of subsequent nicotine
exposure to exert detrimental effects on the cells. Indeed,
nicotine-induced activation of STAT3 can result in a STAT3-mediated
downregulation in o5 nAChR expression in lung (Zhang et al., 2017),
which would be consistent with the downregulation observed in the
current studies. However, additional studies are necessary to determine
the specific mechanisms leading to a5 nAChR downregulation, including
identification of which nAChR-expressing cells (e.g., local epithelial and
infiltrating immune cells) are specifically affected by such vapor
exposure.

E-cigarette nicotine vapor inhalation resulted in an increase in ACE2
in the lungs of male, but not female, mice. This surprising sex-specific
effect infers an increased susceptibility to the harmful effects of nico-
tine vaping in males. The precise mechanisms underlying these effects
are unclear at present. One possibility is that estrogen can serve as an
allosteric modulator of nAChRs (Paradiso et al., 2001), which may un-
derlie differential effects of nicotine in lung tissue. While the current
studies didn’t control for estrus cycle, it should be noted that the five day
exposure time frame in these studies would have allowed for nicotine
exposure to occur throughout all of the stages of the mouse estrus cycle
across subjects. Another possibility is that males and females differ in
nicotine metabolism (Kyerematen et al., 1988). Nicotine is metabolized
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into cotinine through the action of the cytochrome P4502A6 (CYP2A6)
in humans, which is highly homologous to the mouse isoform CYP2A5
(Chen et al., 2020b; Raunio and Rahnasto-Rilla, 2012). Interestingly,
females exhibit a shorter half-life and a quicker elimination of nicotine
to yield a significantly higher elimination rate value (Benowitz, 1999;
Prather et al., 1993). Thus, while the vapor exposure patterns were the
same in these studies, an increased metabolism in females could have
limited the net duration of nicotine’s actions. Finally, it is possible that
the male and female subjects could have differed in their inhalation rates
during the vapor exposure period. However, these possibilities need to
be addressed in further studies.

A further interesting consideration is that a multitude of different
chemical constituents are often found in e-cigarette products on the
market. The most prevalent among these are flavorants, which make the
products more palatable for the user and thereby promote use, especially
among youth and other vulnerable populations (Arrazola et al., 2014;
D’Silva et al., 2012; Lallai and Fowler, 2017; Litt et al., 2016). Given the
many different chemicals introduced into e-cigarette products to pro-
duce the various flavor profiles, it has been challenging to obtain a clear
understanding of the potential synergistic effects of all these chemicals
with nicotine on lung health. However, it has been found that flavorants
can interact with the metabolism of nicotine through CYP2A6 (Stratton
et al., 2018), which can alter nicotine’s duration of action. Further, a
large proportion of youth preferentially consume flavored nicotine
products, with menthol as one of the most popular for tobacco cigarettes
(Jackson et al., 2020; Villanti et al., 2017). In smokers with chronic
obstructive pulmonary disease, more severe lung inflammation is asso-
ciated with menthol cigarette smoking compared to non-mentholated
products (Park et al., 2015), and in mice, sub-chronic exposure to the
extracts of menthol cigarette smoke induces lung inflammation (Lin
et al., 2018). Although the putative action of menthol and other fla-
vorants on ACE2 has not yet been elucidated, one may predict that
menthol would act synergistically with nicotine to exert detrimental
effects, although this needs to be investigated in further studies.

These studies provide evidence to support a biological link between
nicotine vaping and increased susceptibility to coronavirus infection via
ACE2 upregulation, but potential limitations should be considered. First,
the receptor binding motif of SARS-CoV-2 has high affinity for the
human ACE2 isoform, but not the mouse or rat isoform, and as such,
further validation studies are required in mice expressing the humanized
ACE2 protein with co-exposure to the SARS-CoV-2 virus and e-cigarette
vapor. Second, the current studies examined lung tissue after five days of
daily one-hour exposure periods. Given that humans exhibit varying
patterns of use throughout each day and across years/decades, varying
levels of exposure may produce differential effects, with higher levels of
exposure expected to increase pathological effects across time. Thus, it is
possible that ACE2 could become altered in females with a higher
exposure level, although this needs to be directly investigated. It should
also be noted that the results reported herein may have important im-
plications for second-hand exposure. Since the mice were exposed to
vapor in chambers, rather than direct oral/nasal administration, the
effects evidenced are applicable to the second-hand exposure produced
when individuals, including children, are in close proximity to those
actively vaping e-cigarettes. Finally, conflicting evidence of nicotine
with COVID-19 has been reported. For instance, some reports indicate a
lower incidence of smokers in those hospitalized with COVID-19 (Far-
salinos et al., 2020); however, this assumes that everyone in the popu-
lation had equal likelihood of being exposed to the virus, which may not
be a correct assumption. Indeed, opposing results have been reported
with higher rates of infection in teens and young adults using e-ciga-
rettes (Gaiha et al., 2020), and a link between e-cigarette use and
increased risk of death with COVID-19 infection has been documented in
adults (Kashyap et al., 2020). Thus, one needs to take into account other
factors, such as the route of exposure and time of exposure relative to the
time of infection. For instance, it may be that nicotine predisposes an
individual to risk of lung infection, given the current findings with ACE2
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expression in the lungs and noted epidemiological data from the US, but
following infection, nicotine may have some beneficial
anti-inflammatory effects for treatment within other organ systems.

5. Conclusions

Here, we found an upregulation in expression of ACE2 mRNA and
cell density with e-cigarette vapor inhalation in male, but not female,
lungs. These nicotine-mediated effects were not reflected in analysis of
ACE2 expression in blood plasma, thereby limiting the potential of
circulating ACE2 to be used as a biomarker of representative lung levels.
Further studies should be directed at determining whether e-cigarette
nicotine inhalation subsequently leads to sex-specific altered pathology
and lung function following active viral SARS-CoV-2 infection, and
whether these effects on ACE2 can persist long-term following cessation
of e-cigarette use. Finally, given the dramatic increase in the use of e-
cigarettes by adolescents in the United States and higher incidence of
COVID-19 infection found in e-cigarette users (Gaiha et al., 2020; Liv-
ingston et al., 2019), these findings reveal a putative biological under-
pinning that likely mitigates this increased susceptibility, thereby
highlighting the need to inform policy to further restrict e-cigarette use
among youth.
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